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The Rho GTPase and a Putative RhoGEF Mediate
a Signaling Pathway for the Cell Shape Changes
in Drosophila Gastrulation
their role as signaling molecules. However, the precise
mechanism by which Rho proteins affect cytoskeletal
changes is not yet understood.
In a developing multicellular organism, it is likely that
regulated reorganization of the actin cytoskeleton is re-
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Charlestown, Massachusetts 02129 quired for the cell migrations and precise cell shape
changes that are responsible for much of the observed²Institut fuÈ r Genetik
UniversitaÈ t zu KoÈ ln morphogenesis (Sullivan and Theurkauf, 1995). Thus,
Rho GTPases are likely to play an important role in suchKoÈ ln
Germany processes. Indeed, in Drosophila melanogaster, closely
related homologs of the mammalian Rho, Rac, and
CDC42 proteins (Luo et al., 1994; Harden et al., 1995;
Hariharan et al., 1995) have been implicated in photore-Summary
ceptor morphology, oogenesis, neurite outgrowth, epi-
thelial cell elongation, tissue polarity, and myoblast fu-The Rho GTPases mediate actin rearrangements that
sion (Luo et al., 1994; Eaton et al., 1995, 1996; Hariharanare likely to be required for the numerous cell shape
et al., 1995; Murphy and Montell, 1996; Strutt et al.,changes in a developing embryo. In a genetic screen
1997).for Rho signaling pathway components in Drosophila,
The early developmental process of gastrulation in-we identified a gene, DRhoGEF2, that encodes a pre-
volves several dramatic morphogenetic events thatdicted Rho-specific guanine nucleotide exchange fac-
result in tissue invagination. These events appear to betor. Embryos lacking DRhoGEF2 fail to gastrulate due
dependent on cytoskeletal-mediated cell shape changesto a defect in cell shape changes required for tissue
(Sweeton et al., 1991; Young et al., 1991; Thomas andinvagination, and expression of a dominant-negative
Kiehart, 1994; Leptin, 1995), and it has been suggestedRho GTPase in early embryos results in similar defects.
that such cell shape changes might be mediated by RhoEvidence is also presented that DRhoGEF2 mediates
GTPases (Hariharan et al., 1995). While the morphologythese specific cell shape changes in response to the
of cells during the gastrulation process has been wellextracellular ligand, Fog. Together, these results es-
described, little is known about the signals that regulatetablish a Rho-mediated signaling pathway that is es-
the cell shape changes. Thus far, two signaling mole-sential for the major morphogenetic events in Dro-
cules have been identified that appear to be required.sophila gastrulation.
Folded gastulation (Fog) is a secreted protein (Costa et
al., 1994), and Concertina (Cta) is a Ga subunit of aIntroduction
heterotrimeric G protein (Parks and Wieschaus, 1991),
that may be linked to the Fog receptor. However, neitherThe small GTPases of the Rho family have been impli-
the precise signaling role of these proteins, nor a linkcated in a variety of cellular functions, including cy-
to pathways such as those mediated by Rho GTPasestoskeletal reorganization, cytokinesis, motility, adhe-
has been established.sion, endocytosis, and cell cycle progression (Narumiya
To identify components of a Rho-mediated signalingand Morii, 1993; Takaishi et al., 1993; Olson et al., 1995;
pathway in Drosophila that function in the regulationRidley, 1995; Schmalzing et al., 1995; Dutartre et al.,
of morphogenesis during development, we conducted1996). Rho family proteins, which include Rho, Rac, and
a genetic screen from which we isolated a gene thatCDC42, cycle between active, GTP-bound, and inactive,
encodes a putative RhoGEF. This GEF is essential forGDP-bound forms (Nobes and Hall, 1994). Several Rho
directing the cell shape changes associated with gastru-regulatory proteins have been identified, including
lation, thereby establishing the requirement for a Rho-GTPase activating proteins (GAPs) that deactivate Rho
mediated signaling pathway in themajor morphogeneticproteins by stimulating their intrinsic GTPase activity
events that take place during the early stages of Dro-and guanine nucleotide exchange factors (GEFs) that
sophila embryogenesis.promote Rho activation by stimulating GDP release from
inactive Rho (Nobes and Hall, 1994). The observation
that activated Rho proteins affect the organization of Results
the actin cytoskeleton provided an important clue as to
their biological function. Thus, in cultured fibroblasts, Identification of Suppressors of a Rho1-Induced
Rho induces actin stress fibers and focal adhesions Developmental Defect
(Ridley and Hall, 1992), Rac induces lamellipodia (Ridley We previously reported that overexpression of the Dro-
et al., 1992), and CDC42 induces filopodia (Kozma et al., sophila Rho1 GTPase in the developing fly eye using
1995; Nobes and Hall, 1995). Moreover, Rho GTPases the synthetic promoter GMR (Hay et al., 1994) results in a
mediate the transduction of extracellular signals that rough eye phenotype (Hariharan et al., 1995). To identify
lead to these actin rearrangements, thereby establishing components of a Rho1-mediated signaling pathway, we
conducted a genetic screen for mutations that domi-
nantly suppress this phenotype. GMR-Rho1 flies were³To whom correspondence should be addressed.
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Figure 1. Su(Rho1)2B Suppresses the Rho1-
Induced Rough Eye Phenotype
Scanning electron micrographs (A±C), tolu-
idine blue-stained transverse (D±F), and lon-
gitudinal (G±I) retinal sections of eyes of wild-
type (A, D, and G), GMR-Rho11Rho13/iso2 (B,
E, and H) and GMR-Rho11Rho13/Su(Rho1)
2B4.1 (C, F, and I) flies. GMR-Rho1 (B and E)
induces disruption of the ordered structure
observed in the wild-type eye (A and D), both
externally and internally. The normal thick-
ness of the retina (G), is reduced by expres-
sion of the Rho1 transgenes (H). In the pres-
ence of Su(Rho1)2B4.1, much of the normal
structure is recovered (C and F) and retinal
cell elongation is largely restored (I). Scale
bar in C represents 100 mm.
mated with mutagenized males, and the resulting F1 encodes an approximately 6 kb mRNA whose expres-
sion level is unaffected by the P element. The otherprogeny were examined for suppression of the rough
eye. Of 21,000 flies examined, 23 mutations were identi- transcription unit, however, which encodes an ap-
proximately 9.5 kb mRNA, is expressed at about 50%fied, comprising four lethal complementation groups.
The largest group (12 alleles) was named Su(Rho1)2B, reduced levels in the heterozygous P-element line, sug-
gesting that the P element±associated lethality is dueand each allele, when crossed to GMR-Rho1 transgenic
flies, dominantly suppresses GMR-Rho1-induced defects to disruption of the gene encoding this mRNA. Corre-
sponding cDNA clones were isolated from an eye discin ommatidial organization, photoreceptor morphology,
and retinal cell elongation (Figure 1). Su(Rho1)2B mu- library and a complete coding sequence was deter-
mined. Further analysis of the gene structure revealedtants fail to suppress a GMR-Rac1 or GMR-CDC42-
induced rough eye phenotype (K. B. and J. S., unpub- that the P element is inserted within a 1.3 kb intron at
the 59 end of the gene (Figure 2B). Southern blot analysislished data), indicating that the observed interaction is
Rho1-specific. (data not shown) of genomic DNA from flies harboring
the EMS (ethylmethanesulfonate) alleles revealed that
Su(Rho1)2B4.1 exhibits a DNA rearrangement that specif-
Molecular Cloning of the Su(Rho1)2B Gene ically disrupts the coding sequence (Figure 2B), confirm-
Su(Rho1)2B alleles were mapped to a single chromo- ing that this EMS allele and the P-element insertion both
somal region (2±80 to 2±85), and 13 previously iden- disrupt the Su(Rho1)2B gene.
tified P-element insertions that map to the region were
crossed to the mutants to test for complementation
of lethality. One of these, l(2)04291, which maps to The Predicted Su(Rho1)2B Product Is a RhoGEF
The Su(Rho1)2B coding sequence predicts a protein of53F01±2, fails to complement the lethality of 2 out of 2
tested mutant alleles, suggesting that the P-element approximately 284 kDa that exhibits sequence similarity
to several previously described proteins (Figure 2B).insertion in this line disrupts the relevant gene. In addi-
tion, this P element±bearing chromosome suppresses Near its amino terminus, Su(Rho1)2B contains a PDZ
domain, a motif identified in several signaling proteinsthe GMR-Rho1-induced rough eye phenotype (data not
shown). By mobilizing the P element, we were able to that mediates protein±protein interactions (Ponting et
al., 1997). Su(Rho1)2B also contains a regulatory regiondemonstrate that the P-element insertion is responsible
both for the lethality and for the observed GMR-Rho1 found in several protein kinase C (PKC) family members.
This region of PKC mediates the regulation of its kinaseinteraction (data not shown).
A portion of the P element and flanking genomic DNA activity in response to phorbol esters and diacylglycerol,
and binds these compounds directly (Huang, 1989). Fi-were recovered from line l(2)04291 and used to isolate
wild-type DNA corresponding to each side of the nally, Su(Rho1)2B contains a so-called ªDblº domain
that has been identified in several Rho-specific GEFsP-element insertion site from a genomic library. To iden-
tify transcription units, genomic DNA was used to probe (Whitehead et al., 1997) and is responsible for nucleotide
exchange activity (Hart et al., 1991). As seen in othera Northern blot of eye disc RNA (Figure 2A). This analysis
indicated that distinct transcription units are located on RhoGEFs, this domain in Su(Rho1)2B is juxtaposed with
a pleckstrin homology (PH) region that may mediateeach side of the P element insertion site. One of these
Rho GTPase Signaling in Drosophila Gastrulation
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Figure 2. Expression and Identification of the Su(Rho1)2B (DRhoGEF2) Gene Product
(A) Northern blot of eye disc RNA from wild-type (wt) and Su(Rho1)2BP04291/CyO (P) flies hybridized to genomic DNA probes corresponding to
the two sides of the P-element insertion site. One probe detects a 6 kb transcript (right, transcript b), and the other detects a 9.5 kb transcript
(left, transcript a) that is reduced in intensity in the P-element line. A ribosomal RNA signal (R) serves as a loading control.
(B) Schematic representation of the Su(Rho1)2B cDNA and homology of Su(Rho1)2B to previously identified proteins. The open reading frame
in the Su(Rho1)2B cDNA is denoted by the stippled box, the location of the splice site for the intron containing the P-element by P, the
boundaries of the breakpoint in Su(Rho1)2B4.1 by B4.1. Homology domains are in boxes. PDZ; PDZ domain homology, PKC; PKC-like regulatory
domain homology, DH; Dbl homology, PH; pleckstrin homology. Amino-acids identical in Su(Rho1)2B and other proteins are highlighted by
black boxes.
(C) In situ hybridization of wild-type (a, c, and d) embryos and an embryo derived from DRhoGEF24.1 germline clones (b) using cDNA 39 of the
breakpoint in DRhoGEF24.1 as a probe. mRNA for DRhoGEF2 appears to be maternally loaded to uniformly high levels in the syncitial blastoderm
(a) but is not detectable in the similarly staged DRhoGEF24.1 embryo (b). Expression in wild-type embryos decreases during cellularization (c)
until it reaches background levels toward the end of cellularization (d).
subcellular localization of theprotein (Zheng et al., 1996). Perrimon, personal communication). To avoid confu-
sion, and to reflect the likely function, the gene has nowThese structural features of Su(Rho1)2B suggest that it
functions as a specific activator of the Rho1 GTPase, been renamed DRhoGEF2.
and reduced GEF activity in Su(Rho1)2B mutants proba-
bly accounts for the observed suppression of the GMR- Embryos Lacking DRhoGEF2 Fail to Gastrulate
To investigate the requirement for DRhoGEF2 duringRho1-induced eye phenotype. Initially, the Su(Rho1)2B
gene was renamed shar pei; however, we subsequently development, we initially examined the progeny of inter-
crosses between heterozygous DRhoGEF2 alleles. Ofbecame aware that the same gene has been indepen-
dently isolated and named akkordion (U. Haeker and N. the DRhoGEF2 homozygotes, 100% die as late embryos
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themesectoderm fail to intercalate at the ventral midline,
indicating a defect in ventral furrow formation (Figures
3G and 3H). To visualize the defects in DRhoGEF2 em-
bryos in greater detail, scanning electron micrographs
(SEMs) of wild-type and DRhoGEF2 embryos were com-
pared (Figure 4). Although an overall subtle difference
in the morphological appearance of cell surfaces is seen
in DRhoGEF2embryos when compared to wild-type em-
bryos, the most obvious defects are in regions of the
embryo involved in gastrulation. In wild-type embryos
undergoing gastrulation, ventral views reveal the pre-
viously described flattening of a subset of cells along
the ventral midline (Figures 4A and 4G), followed by
invagination of these cells and formation of the ventral
furrow (Figures 4B, 4C, 4H, and 4I). In the DRhoGEF2
embryos, however, the process is highly disorganized
and ventral furrow formation never occurs (Figures
4D±4F and 4J±4L). Specifically, in wild-type embryos,
apical membrane constrictions are initially localized to
a few random cells within a 12 cell±wide band along
the ventral surface (Figure 4G), and the shape changes
continue until approximately half of the cells within thisFigure 3. Defective Gastrulation in Embryos Lacking DRhoGEF2
band have undergone constriction (Sweeton et al.,
Wild-type (A, C, E, and G) and DRhoGEF24.1 (B, D, F, and H) embryos
1991). In contrast, in DRhoGEF2 embryos, it appears(anterior to the left, dorsal uppermost) stained with anti-Twist (A and
that random cells within an approximately 20-cell widthB) and anti-b-galactosidase (C±H) to visualize reporter-associated
expression patterns for the fushi tarazu (C±F) and single-minded (G spanning the ventral midline undergo apical membrane
and H) genes. Ventral mesoderm precursors, stained with anti-Twist constrictions (arrow in Figure 4J), and furthermore,
(A and B), and anterior to posterior segments, revealed by the fushi there is a substantially reduced number of additional
tarazu reporter (C and D), shown in cellularizing embryos, appear to
constrictions in neighboring cells, resulting in a pittedbe normal. In subsequent development, however, posterior midgut
ventral surface (Figure 4K). Additionally, DRhoGEF2 em-invagination and germband extension do not occur (E versus F).
bryos exhibit inappropriate lateral folds (Figure 4L) simi-Ventral mesectoderm, as revealed with the single-minded reporter
(G and H), is specified correctly, but the ventral midline fails to form lar to those previously described for other gastrulation
normally in DRhoGEF24.1 embryos (H). mutants (Parks and Wieschaus, 1991; Sweeton et al.,
1991; Costa et al., 1994). This, most likely, reflects a
buckling of the epidermis due to the absence of germ-
or early larvae in the absence of obvious abnormalities. band extension.
To determine whether a requirement for DRhoGEF2 ear- In addition to the defects in ventral furrow formation
lier in development might be masked by contribution of and invagination of the posterior midgut, DRhoGEF2
wild-type maternal DRhoGEF2 mRNA, we examined the embryos are defective in invagination of the anterior
expression of DRhoGEF2 during embryogenesis. In situ midgut, a closely related gastrulation event (Sweeton et
hybridizations revealed that DRhoGEF2 mRNA is ex- al., 1991). Following ventral furrow formation, anterior
pressed uniformly at high levels in the syncitial blasto- midgut invagination can be visualized in wild-type em-
derm and decreases until it is undetectable by the time bryos by the appearance of a T-shaped indentation at
gastrulation is initiated (Figure 2C). The apparent mater- the anterior end of the ventral furrow (Figure 4C), which
nal contribution of DRhoGEF2 mRNA suggests a likely is absent in DRhoGEF2 embryos (arrows in Figure 4C
role for the encoded protein in early embryogenesis. versus 4F). Thus, the major morphogenetic events of
Therefore, using the Flp/FRT/ovoD system (Chou et al., early Drosophila development, namely ventral furrow
1993), embryos lacking functional maternal DRhoGEF2 formation and anterior and posterior midgut invagi-
product were generated for two of the DRhoGEF2 mu- nation, require the DRhoGEF2 gene product.
tant alleles (DRhoGEF21.1 and DRhoGEF24.1). Since the
DNA rearrangement in DRhoGEF24.1 occurs upstream of
the PKC-like, Dbl, and PH domains, it is expected that The Gastrulation Failure in DRhoGEF2 Embryos
Is Associated with a Defect in Cellularthis is a functionally null allele.All of the observedpheno-
types are identical for these two alleles and are com- Shape Changes
To address the cellular nature of the observed gastrula-pletely penetrant. In addition, the severity of defects is
unaffected by the paternal genotype (data not shown). tion defects, cross sections were prepared from wild-
type and DRhoGEF2 embryos. In wild-type embryos atHereafter, such embryos are referred to as DRhoGEF2
embryos. the end of cellularization, flattening of the apical sur-
faces of mesodermal precursors occurs concurrentlyDRhoGEF2 embryos exhibit normal dorso-ventral
and anterior±posterior patterning, as well as mesoderm with dorsal migration of nuclei (Figure 5A), as has been
previously described (Leptin and Grunewald, 1990;specification (Figures 3A±3D). However, germband ex-
tension and posterior midgut invagination appear to be Sweeton et al., 1991). Apical membrane constrictions
can subsequently be seen in these cells (Figure 5C), anddefective (Figures 3E and 3F). In addition, the cells of
Rho GTPase Signaling in Drosophila Gastrulation
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Figure 4. The Ventral Furrow Fails to Form in DRhoGEF2 Embryos
SEMs of the ventral side of wild-type (A±C and G±I) and DRhoGEF24.1 (D±F and J±L) embryos (anterior to the left), showing in wild type, the
normal sequence of events (left to right) during ventral furrow formation, namely flattening of cells along the ventral midline (A and G),
invagination (B and H), and closing of the furrow (C and I). In DRhoGEF24.1 embryos, although some apical flattening is apparent, the ventral
furrow never forms, even at stages later than the embryo in (C), where, instead, inappropriate lateral folding (indicated by arrows) is apparent
(L). Arrows in C and F indicate the presence and absence, respectively, of the anterior midgut invagination. Arrow in (J) indicates cells
undergoing apical membrane constriction. Scale bar in (A) represents 100 mm in (A)±(F). Images in (G)±(L) (anterior to the top) are 2.73
magnifications of the central portion of (A)±(F) (anterior to the left), respectively.
by the end of ventral furrow formation the cells have Ras GTPase exhibits a high affinity for GDP and is conse-
quently able to titrate available RasGEF activity (Feiginvaginated (Figure 5E). By contrast, in DRhoGEF2 em-
bryos, although cellularization appears to be normal, and Cooper, 1988). Therefore, the Rho1N19 mutant is ex-
pected to produce a phenotype similar to that seen innuclear migrations in the mesodermal precursors are
not accompanied by the obvious apical flattening seen cells lacking Rho1 GEF activity. To test this, UAS-
Rho1N19-transgenic flies were generated and mated within wild-type embryos (Figure 5B). Moreover, although a
few normal-appearing apical membrane constrictions flies expressing a Gal4 transcriptional activator under
the control of the maternally active nanos promoter,can be seen in the ventral mesoderm of DRhoGEF2
embryos (arrow in figure 5D), the majority of mesodermal thereby establishing Rho1N19 expression sufficiently early
in embryogenesis such that potential effects on gastru-cells, instead, expand their apical surfaces (Figure 5D),
accounting for the flattened appearance of the ventral lation can be observed.
Embryos expressing Rho1N19 exhibit obvious defectssurface of the embryo seen by SEM. Thus, it appears
that DRhoGEF2 is specifically required for presumptive in gastrulation. Specifically, ventral furrow formation in
mesodermal cells toundergo thecellular shape changes these embryos is initially delayed relative to wild-type
that are thought to drive ventral furrow formation. embryos (Figures 6B versus 6A, and 6F versus 6E). In
addition, it is clear that, while the furrow in Rho1N19 em-
bryos does form, it fails to extend at the posterior endRho GTPase Activity Is Required
(Figures 6D versus 6C, and 6H versus 6G), resemblingfor Normal Gastrulation
the ventral furrow defects in the previously describedMost likely, the role of the DRhoGEF2 product in gastru-
fog and cta mutants (Parks and Wieschaus, 1991; Costalation is to activate the Rho1 GTPase. If so, it would
et al., 1994). Additionally, the T-shaped invagination ofbe expected that inactivation of Rho1 in early embryos
the anterior midgut does not form normally in the Rho1N19should similarly affect gastrulation. Consistent with a
embryos (arrow in Figure 6D versus 6C). Rho1N19 em-role for Rho1 at this developmental stage, the Rho1
bryos also exhibit defects in posterior midgut invagi-gene is widely expressed in early embryos (Hariharan
nation and germband extension (Figures 6J and 6L).et al., 1995). To investigate the potential role of Rho1 in
Notably, the cephalic furrow forms normally in bothgastrulation, we used a dominant-negative Drosophila
Rho1 GTPase (Rho1N19). An analogous mutation in the DRhoGEF2 and Rho1N19 embryos, suggesting that this
Cell
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closely resemble those seen in embryos lacking the Fog
ligand (Costa et al., 1994), we tested the possibility that
DRhoGEF2 mediates a signaling pathway that directs
cell shape changes in response to Fog. For this analysis,
a transgenic fly line was established in which fog is
expressed ectopically from the huckebein (hkb) pro-
moter, which is normally active in a subset of cells at
the anterior and posterior ends of the embryo (BroÈ nner
and JaÈ ckle, 1991). In all of the hkb-fog embryos, but not
in wild-type embryos, a characteristic transient depres-
sion in the dorsal head region can be seen both in trans-
verse sections (Figure 7B versus 7A) and by SEM (Figure
7J versus 7I). The surfaces of cells in this depression
exhibit membrane blebbing and constrictions closely
resembling those normally seen incells along the ventral
furrow inwild-type embryos (Figures7C±7E). In addition,
the nuclei of these cells have migrated from an apical
to a basal location (Figure 7B), as is normally seen in
presumptive mesodermal cells during ventral furrow for-
mation. To determine whether DRhoGEF2 is required for
the observed Fog-induced cell shape changes, males
homozygous for the hkb-fog transgene were mated with
females carrying DRhoGEF2 germline clones and the
resulting embryos were analyzed by SEM. As shown
(Figures 7I±7K), in the absence of DRhoGEF2, ectopic
Fog expression fails to induce any detectable cell shape
changes, despite equivalent levels of fog transgene ex-
pression (Figures 7F±7H). The subtle morphology de-
fects seen on the surfaces of some cells in DRhoGEF2
embryos carrying the hkb-fog transgene are indistin-
guishable from those seen with DRhoGEF2 alone (data
not shown), indicating that they are unrelated to Fog
expression. These results suggest that DRhoGEF2 me-
diates a signal transduction pathway that directs spe-
cific cell shape changes in response to the extracellular
Figure 5. Defective Cell Shape Changes in the Ventral Furrow of ligand, Fog.
DRhoGEF2 Embryos
Transverse sections at 50% egg length (dorsal uppermost) of wild-
type (A, C, and E) and DRhoGEF24.1 (B, D, and F) embryos (increasing Discussion
developmental stages, top to bottom) stained with anti-Twist to
mark the nuclei of presumptive mesodermal cells. In wild-type em-
The ability of Rho GTPases to induce profound changesbryos, ventral furrow formation starts with apical flattening and dor-
in the organization of the actin cytoskeleton suggestssal migration of the nuclei of the mesodermal precursors (A), fol-
lowed by apical constriction (C) and cell invagination (E). In that these proteins are likely to be important mediators
DRhoGEF24.1 embryos, nuclear migration is not accompanied by of the morphogenetic events associated with embryo-
obvious apical flattening (B), and although some apical constriction genesis. However, the signaling pathways that direct
does occur (arrowhead), the majority of presumptive mesodermal
such events in a developing multicellular organism havecells retain a broad apical surface (D and F), resulting in the complete
yet to be elucidated. In a mutational screen to identifyabsence of invagination and ventral furrow formation.
Rho signaling pathway components in vivo, we isolated
a Drosophila gene encoding a novel GEF for the Rho1
GTPase. Embryos lacking this GEF exhibit severe de-invagination is regulated by a distinct mechanism. Simi-
lar experiments with analogous dominant-negative mu- fects in the early morphogenetic events associated with
gastrulation as a result of defects in specific cell shapetant forms of Drosophila Rac1 and CDC42 did not result
in detectable gastrulation defects (K. B. and J. S., un- changes that drive these processes. The observation
that mutations in DRhoGEF2 are able to suppress thepublished data). Thus, there appears to be a specific
requirement for Rho1 GTPase activation in the major effects of Rho1 overexpression in the developing eye,
together with the fact that the encoded protein containsmorphogenetic events associated with gastrulation.
a probable GEF activity for Rho1, strongly suggests that
DRhoGEF2 functions as an upstream Rho1 activator.DRhoGEF2 Is Required for Cell Shape Changes
Induced by Ectopic Fog Expression Moreover, the genetic interaction with Rho1 and not
with Rac1 or CDC42 also suggests that DRhoGEF2 func-Overexpression of Fog in the dorsoanterior region of the
embryo reportedly induces ectopic cell shape changes tions specifically as a Rho1 activator. This conclusion
is also supported by the observation that dominant-that are remarkably similar to those normally seen in the
ventral furrow (Costa et al., 1994). Since some aspects negative Rho1, but not dominant-negative Rac or CDC42,
disrupts gastrulation.of the gastrulation defects seen in DRhoGEF2 embryos
Rho GTPase Signaling in Drosophila Gastrulation
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Figure 6. Rho1N19 Expression in Early Embryos Disrupts Gastrulation
SEMs of wild-type (A, C, E, G, I, and K) and NGT-40 Gal4/1;UAS-Rho1N19/1 (B, D, F, H, J, and L) embryos. Ventral furrow formation is initially
delayed relative to cephalic furrow formation by the presence of Rho1N19 (B versus A, and F versus E), and the furrow, once formed (D and
H), does not extend at the posterior end as far as in wild type (C and G). In addition, the anterior midgut fails to invaginate (arrows in C versus
D). Dorsal views (I±L) show that alterations in the apical surfaces of cells forming the posterior midgut invagination are defective (J versus I),
resulting in a failure to internalize the pole cells (arrows in I, J, and L) by stage 9 (L versus K). Scale bar in (A) represents 100 mm in A±D, K,
and L, and 30 mm in I and J. (E)±(H) (anterior to the top) are 2.73 magnifications of the embryos shown in (A)±(D) (anterior to the left). (I)±(L),
anterior to the left.
GEFs for the small GTPases almost certainly function However, it seems unlikely that a similar regulatory
mechanism is utilized by all GEFs. Indeed, several pre-as signaling links from cell surface receptors to the
GTPase; however, theprecise mechanism by which they viously described RhoGEFs can be activated by deletion
of regions of the protein outside of the conserved Dblare regulated by upstream signals is poorly understood.
The Ras-specific GEF, Son-of-sevenless, appears to be domain, suggesting that GEF activity in these proteins
is normally repressed (Whitehead et al., 1997). More-regulated in part by recruitment to the plasma mem-
brane via the binding of the adaptor protein, Grb2, to over, most of the RhoGEF proteins contain various
additional domains that have been implicated in signalan activated receptor tyrosine kinase (Egan et al., 1993).
Figure 7. DRhoGEF2 Is Required for Cell
Shape Changes Induced by Ectopic Fog Ex-
pression
Ectopic Fog expression in hkb-fog embryos
results in a depression of the dorsal head
region that does not occur in wild-type em-
bryos. This is readily seen in transverse sec-
tions from this region (stained with anti-Twist
to identify the ventral side) of wild-type (A)
and hkb-fog (B) embryos at stage 7 (dorsal,
uppermost). The appearance of cells in B (be-
tween the arrows) closely resembles that nor-
mally seen in ventral mesodermal precursors
during ventral furrow formation (see Figure 5);
namely, apical constrictions and basalward
relocalization of nuclei (brackets). Higher
magnification SEMs of this region inwild-type
(C) and hkb-fog/1 (D) embryos compared to
the ventral midline region in a wild-type em-
bryo during ventral furrow formation (E) show
that ectopic Fog induces membrane blebs (D)
characteristic of invaginating cells (E). The
effect of ectopic Fog is also seen in SEMs of
this region when comparing wild-type (I) and
hkb-fog (J) embryos. Arrows in (B) highlight
the corresponding region marked by arrows
in (J). The requirement for DRhoGEF2 in the cell shape changes induced by ectopic Fog expression is depicted in SEMs of DRhoGEF2 embryos
expressing the hkb-fog transgene (K), in which the morphology of cells in this anterior dorsal region is unaffected by ectopic Fog expression.
Equivalent levels of ectopic Fog expression in the presence (G) or absence (H) of DRhoGEF2 was demonstrated by in situ hybridization of
fog mRNA in cellularizing embryos, in which signal is detected in cells at the anterior (left) and posterior (right) ends. A low level of endogenous
fog mRNA expression is seen in wild-type embryos (F). Scale bars in (C) and (I) represent 10 mm.
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transduction, suggesting that they may be regulated by
diverse inputs (Whitehead et al., 1997). For example, the
GEF activity of the vav protein is regulated both by
diacylglycerol binding (Gulbins et al., 1994) and by
direct tyrosine phosphorylation (Crespo et al., 1997; Han
et al., 1997).
In addition to its Dbl domain, DRhoGEF2 contains a
likely phorbol ester±responsive motif. The homologous
domain in PKC mediates kinase activation in response
to diacylglycerol (Huang, 1989), which is generated by
phospholipase C (PLC). Thus, like vav, it is possible that Figure 8. An Evolutionarily Conserved Rho-Mediated Signaling
the GEF activity of DRhoGEF2 is responsive to diacyl- Pathway for Cell Shape Changes
glycerol. Since PLC-mediated production of diacylglyc- The proposed DRhoGEF2-mediated pathway of Rho1 activation ap-
erol can be promoted by both receptor tyrosine kinase pears to share many of the components of the previously described
pathway of LPA-induced Rho activation in mammals.activation (Wahl et al., 1989) and by activation of recep-
tor-coupled heterotrimeric G proteins (Smrcka et al.,
1991), it is possible that the nucleotide exchange activity
by RhoA and a recently identified RhoGEF (Gebbink etof DRhoGEF2 is stimulated by signals transduced by
al., 1997). Significantly, the Drosophila Ga subunit, Cta,both of these types of receptors. DRhoGEF2 also con-
exhibits the strongest sequence similarity to the mam-tains a PDZ domain, suggesting that it may interact with
malian Ga12 and Ga13 proteins, which mediate the acti-additional signaling proteins. Therefore, it appears that
vation of Rho by LPA (Buhl et al., 1995). Thus, it appearsthe GEF activity of DRhoGEF2 may be regulated by
likely that a Rho-mediated signaling pathway linked tomultiple upstream signals.
heterotrimeric G proteins has been evolutionarily con-A clue regarding the possible organization of the
served (Figure 8). Indeed, in addition to the pathwayRho1- and DRhoGEF2-mediated signaling pathway in
described here, the Rho1 GTPase mediates a signalgastrulation comes from previous studies. In early Dro-
downstream of the tissue polarity protein, Frizzled, asophila embryogenesis, following the establishment of
putative G protein±coupled receptor (Strutt et al., 1997).embryo polarity, mesoderm is specified by induction
Our results also suggest that many cells in the Dro-of the transcription factors Twist and Snail, which are
sophila embryo that do not normally change shape ex-required for the tissue invaginations associated with
press all of the signaling pathway components requiredgastrulation (Leptin, 1991, 1995). However, it appears
for shape change, but that the specificity of the signalthat these proteins do not participate directly in the cell
is due to the restricted expression of a ligand that initi-shape change process, but rather, they regulate the
ates the response. Significantly, Fog is thus far the onlyexpression of genes whose products perform such func-
reported component of thecell shape changemachinerytions. Indeed, one of these products is the Fog ligand,
in gastrulation that is not maternally provided, sug-which is required for normal cell shape changes in inva-
gesting that its zygotic expression may provide partginating mesoderm and midgut (Costa et al., 1994). Be-
of the signaling specificity. Because the ventral furrowcause the gastrulation defects associated with this mu-
defect in cta and fog embryos is not as severe as thattant and cta, a Ga subunit (Parks and Wieschaus, 1991),
seen in DRhoGEF2 embryos, it is very likely that mul-are so similar, it has been suggested that a signal for
tiple pathways regulate the required cell shape changes.cell shape changes initiated by the Fog ligand is trans-
As suggested above, there may be additional upstreamduced by a heterotrimeric G protein that includes Cta
activators of DRhoGEF2. Consistent with this possibility(Parks and Wieschaus, 1991).
is the observation that in fog embryos, constrictionsSince the gastrulation defects in DRhoGEF2 include
occur normally in some cells along the ventral midlinedefects seen in fog and cta embryos that are specifically
as well as in the presumptive midgut (Costa et al., 1994).associated with the invagination of mesoderm and mid-
Alternatively, a DRhoGEF2-independent pathway maygut, and each of these mutants exhibits similar defects
also contribute to the required cell shape changes. Inin cellular shape changes, we hypothesized that a signal
either case, it appears that the DRhoGEF2-mediatedfrom Fog via Cta might activate DRhoGEF2, thereby
pathway is essential for normal cell shape changes inpromoting Rho1 activation and consequent actin re-
the presumptive ventral mesoderm and that activationarrangements. Our observation that DRhoGEF2 is re-
of the Rho1 GTPase may be the rate-limiting step in thequired for the cell shape changes induced by ectopic
morphogenetic events of gastrulation.Fog expression strongly supports such a model. In addi-
The fact that DRhoGEF2 is more widely expressedtion, the similarity between gastrulation phenotypes as-
than only in those cells that undergo apical constrictionssociated with Rho1N19, fog, and cta is consistent with a
raises the possibility that it mediates a distinct signalingrole for a Rho1-mediated signaling pathway down-
pathway in other cell types. Since homozygous zygoticstream of Fog and Cta. An analogous signaling pathway
DRhoGEF2 mutants exhibit late embryonic and larvalhas been described in mammalian cells, wherein lyso-
lethality, it is likely that DRhoGEF2 performs multiplephosphatidic acid (LPA), which binds a heterotrimeric
biological functions in response to diverse signals. It isG protein±coupled receptor, promotes actin stress fiber
also possible that the role of DRhoGEF2 in other cellformation in fibroblasts through a Rho GTPase-depen-
types is unrelated to morphogenesis. The mammaliandent pathway (Ridley and Hall, 1992). Moreover, LPA
promotes neuronal shape changes that are mediated Rho GTPase has been implicated in biological functions
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by light microscopyfor suppression of the Rho1-inducedeye pheno-that may not directly involve actin reorganization, includ-
type. 12 of 23 suppressing alleles were assigned to a single lethaling endocytosis, secretion, and cell cycle progression
complementation group (DRhoGEF2). Three DRhoGEF2 alleles were(Ridley, 1996), suggesting that DRhoGEF2 may be differ-
mapped meiotically to between c and px at 2±80 to 2±85. Of 13 lines
entially utilized to activate Rho for multiple functions, of carrying a lethal P-element insertion that mapped to this region,
which morphogenesis is only one. Moreover, Rho may DRhoGEF2P04291/Cyo failed to complement the lethality of DRho-
GEF24.1 and DRhoGEF21.1.also be activated by a DRhoGEF2-independent mecha-
nism. Indeed, two other Drosophila RhoGEFs, Still life
P-Element Plasmid Rescue and Cloning of DNAand DrtGEF (also referred to as Drhogef1), have been
Encoding DRhoGEF2described (Sone et al., 1997; Werner and Manseau,
Excision of the P element was accomplished by mating DRho-
1997), and there may be others that have not yet been GEF2P04291/Cyo; ry506 to CyO/Sp; Sb D2±3/ry506 followed by mating
identified. Although the GTPase specificity of these pro- males of DRhoGEF2P04291/Cyo; Sb D2±3/ ry506 to CyO/Sp; ry506. Male
teins has not been determined, it seems likely that the progeny that were Sb1 and ry2 were tested for reversion of the
lethal phenotype in a mating to DRhoGEF2P04291/CyO, DRhoGEF24.1/Rho1 GTPase may be differentially activated by a variety
Cyo, and DRhoGEF21.1/CyO. Genomic DNA was isolated from adultof upstream signals through the utilization of distinct
DRhoGEF2P04291/CyO flies, digested using XbaI, religated, and trans-GEFs with restricted expression patterns and diverse
formed into bacteria. A recovered 4.5 kb genomic DNA fragment
regulatory domains. (flanking the P element) was used as hybridization probe to isolate
Studies of the Rho GTPases in cultured fibroblasts clones from a Drosophila genomic library. These clones comprised
have clearly demonstrated a role for Rho in directing genomic DNA, which extends approximately 15 kb on each side
of the P-element insertion site. cDNA clones encoding the 9.5 kbactin reorganization (Tapon and Hall, 1997). However,
transcript were similarly isolated from an eye disc cDNA librarythe mechanism by which such activity results in precise
(Hafen et al., 1987). cDNA clones were sequenced on both strandsmorphological transformations remains unclear. To
using Sequenase (USB).
achieve the specific apical constriction of ventral meso-
dermal precursors that drives the invagination process Northern Blot Analysis and In Situ Hybridization
during ventral furrow formation in Drosophila, it seems Total RNA from 10 pairs of eye discs from third instar larvae was
prepared as previously described (Fischer-Vize et al., 1992) andlikely that subcellular localization of particular actin re-
loaded onto a 1% formaldehyde-agarose gel, transferred to nitrocel-arrangements must occur. Possibly, this is accom-
lulose, and hybridized under standard conditions to 32P-labeled ge-plished by the change in polarization of these cells that
nomic DNA probes corresponding to the region flanking the P-ele-
occurs immediately following cellularization (Young et ment insertion site. Digoxygenin-labeled RNA probes, derived from
al., 1991; Thomas and Kiehart, 1994). It is also possible either the DRhoGEF2 cDNA in the region 39 of the breakpoint in
that a Rho regulatory protein such as DRhoGEF2 recruits DRhoGEF24.1, or the fog cDNA, were generated using the digoxy-
genin labeling kit (Boehringer Mannheim). Whole-mount in situ hy-Rho to specific subcellular locations through interac-
bridization of embryos was performed as previously describedtions with as yet unidentified proteins. Certainly, the
(Tautz and Pfeifle, 1989).identification of additional protein components of the
Rho signaling pathway will help to clarify the mechanism
Generation of Germline Clones
by which the transduction of extracellular signals regu- Germline clones were generated as previously described (Chou et
lates the remarkably well-coordinated morphogenetic al., 1993) using DRhoGEF24.1 and DRhoGEF21.1 alleles. Males of
processes required of a developing embryo. genotype y w flp/Y; P[mw1;FRT42B]G13P[mw1; ovoD1]32x9 were mated
to virgin females of w; P[mw1;FRT42B]G13DRhoGEF2 and heat
shocked for 1 hr at 378C on days 4, 5, and 6, to induce recombina-
Experimental Procedures tion. The virgin female F1 progeny with the genotype w/y w flp;
P[mw1;FRT42B]G13 P[mw1;ovoD1]/ P[mw1.hs !FRT42B]G13 DRhoGEF2
Fly Stocks in which germline clones had been generated were then mated to
w; GMR- Rho11Rho13/TM6B Hu Tb e harbors two copies of a GMR- males of w/Y; DRhoGEF2/CyO ftz-lacZ, OreR, P[3.7sim/lacZ], or hkb-
Rho1 transgene on the third chromosome (Hariharan et al., 1995). fog for phenotypic analysis.
w; iso2; iso3 is isogenized for chromosomes 2 and 3. DRhoGEF2
alleles generated in the screen are numbered 1.1, 2.3, 2.6, 2.9, 4.1, Immunohistochemistry and Histology
4.4, 5.1, 5.2, 6.5, 8.1, 8.9, and 9.6. DRhoGEF2P04291/Cyo (or Su(Rho1) Antibody staining was carried out on embryos following fixation in
2BP04291/Cyo) is a notation used for the P-element insertion line, cn1 4% formaldehyde as previously described (Patel, 1994) with rabbit
P[ry1 5 PZ]l(2)0429104291/CyO; ry506 (obtained from the Bloomington polyclonal antibodies directed against Twist (provided by S. Roth),
Stock Center). CyO/Sp;Sb D2±3/ ry506 harbors the transposase gene. or b-galactosidase (Capell). Stained embryos for sectioning were
OreR was used as the wild-type strain. P[3.7sim/lacZ] carries a sim- dehydrated through an ethanol series, embedded in Durcapan resin
lacZ fusion (Nambu et al., 1991). CyO ftz lacZ is a CyO balancer (Sigma), and sectioned on a Zeiss Microm microtome at 5 mm width
harboring a fushi tarazu-lacZ fusion gene (Hiromi et al., 1985). The and mounted in DPX mounting medium (Fluka). Retinal eye sections
UAS-Rho1N19 transgenic line was provided by D. Montell and the were prepared from fly heads embedded in Durcapan resin as pre-
UAS-CDC42N17 and UAS-RacN17 lines were provided by L. Luo. viously described (Tomlinson and Ready, 1987). Staging of wild-
NGT40 harbors multiple copies of a nanos promoter-GAL4-tubulin type embryos was in accordance with published methods (Campos-
39UTR fusion on chromosome 2 (provided by P. Gergen). The hkb- Ortega and Hartenstein, 1985). Staging of DRhoGEF2 embryos was
fog transgenic line was generated using the P-element transforma- estimated by considering the depth of the cephalic furrow (Sweeton
tion vector pW8 engineered to place the complete fog coding et al., 1991) and at later stages by the presence of anatomical fea-
sequence (provided by E. Wieschaus) under control of the hkb en- tures characteristic of particular stages (Campos-Ortega and
hancer element (provided by G. BroÈ nner and H. JaÈ ckle) and a mini- Hartenstein, 1985).
mal fragment of the hsp70 promoter (bp 2198 to 1195).
Scanning Electron Microscopy
SEM of eyes was carried out as previously described (Kimmel etGeneration of Rho1-Suppressor Alleles
EMS treated w; iso2; iso3 males were mated to w; pGMR- al., 1990). Embryos were fixed in 2% glutaraldehyde in 0.1 M caco-
dylic acid for 15 min, hand peeled using a tungsten needle, postfixedRho11Rho13/TM6B Tb Hu e females and 21,000 male F1 progeny of
the genotype w/Y; 1/iso2; pGMR-Rho11Rho13/iso3 were examined in 2% osmium tetraoxide for 30 min, and dehydrated through an
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ethanol series, followed by drying in a critical point drier, sputter Hafen, E., Basler, K., Edstroem, J.E., and Rubin, G.M. (1987). Sev-
enless, a cell-specific homeotic gene of Drosophila, encodes a puta-coating with gold/palladium, and viewing using an Amray 1000 scan-
ning electron microscope. tive transmembrane receptor with a tyrosine kinase domain. Science
236, 55±63.
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